Body composition studies were first recorded around the time of the renaissance, and advances by the mid-twentieth century facilitated growth in the study of physiology, metabolism and pathological states. The field developed during this early period around the 'two-compartment' molecular level model that partitions body weight into fat and fat-free mass. Limited use was also made of X-rays as a means of estimating fat-layer thickness, but the revolutionary advance was brought about by the introduction of three-dimensional images provided by computed tomography (CT) in the mid 1970s, followed soon thereafter by magnetic resonance imaging (MRI). Complete in vivo reconstruction of all major anatomic body compartments and tissues became possible, thus providing major new research opportunities. This imaging revolution has continued to advance with further methodology refinements including functional MRI, diffusion tensor imaging and combined methods such as positron emission tomography þ CT or MRI. The scientific advances made possible by these new and innovative methods continue to unfold today and hold enormous promise for the future of obesity research.
Introduction
Early civilized humans viewed body composition as the four humors: black bile, yellow bile, blood and phlegm. 1 Sanctorius, working in the early seventeenth century, was among the first to quantify insensible body water loss through his careful longitudinal weight measurements ( Figure 1 ). 1 Progress through the first half of the twentieth century provided investigators with advanced body composition methods that partitioned body weight into two body compartments, fat and lean body mass, now referred to as fat-free mass.
1,2 Among these methods were whole-body 40 K counting and underwater weighing, considered the 'reference standards' of their era for body fat measurement. 3 These methods, however, were based on assumptions such as the constancy of fat-free mass potassium content and density, respectively. 2, 3 The two-compartment model assumptions were recognized as of limited accuracy under certain conditions, for example, with disturbances in hydration.
Simple and practical methods were also available to early investigators, such as anthropometry techniques based on skinfold and circumference measurements. 4 New developments during this period in radiographic methods led Stuart et al. 5 to report in 1940 the first use of conventional X-ray films to capture fat and muscle 'shadows'. With the arrival of the 1960s, 'radiogrammetry', as it was referred to, was by then a well-developed method providing investigators with estimates of subcutaneous adipose tissue layer 'thickness' and muscle 'widths'. 6 The low contrast and two-dimensional nature of these radiographic images limited the radiogrammetry approach to rough approximations of regional adiposity-related body compartments. Investigators during this formative period had a limited capability to fully quantify body composition as we recognize it today. 7 Only the rudimentary anthropometric and radiogrammetric methods were available for quantifying adipose tissue and related components at the 'tissue-system' level of body composition ( Figure 2 ).
Imaging revolution
Computed tomography Historical overview. Matters were to change radically early in the 1970s, and the impact of these and related discoveries continues unabated today. The United Kingdom engineer Geoffrey N Hounsfield first introduced computed tomography (CT) for brain imaging in 1971, and he reported his seminal findings in 1973. 8 The conceptual framework and mathematical algorithms required for cross-sec4tional image reconstruction were developed earlier by Raden in 1917 9 and subsequently by Cormack in 1963. 1 Physical basis. The basic CT system as originally conceived by Hounsfield consists of an X-ray tube and receiver that rotate in a plane perpendicular to the subject. The generated X-rays are attenuated as they pass through tissues, an effect expressed as the linear attenuation coefficient or CT number, a measure of photon attenuation relative to air and water. The air and water CT numbers are empirically defined as À1000 and 0 Hounsfield units (HU), respectively. The X-ray beam is attenuated by coherent scattering, photoelectric absorption and Compton interactions. The main determinant of attenuation and thus CT number is physical density, and a linear correlation is present between CT number and tissue density. 10 With water at 0 HU, air, adipose tissue and lean tissues have CT numbers of À1000, approximately À70 and 20, respectively. A CT number is assigned to each of the image picture elements (pixels) or volume elements (voxels) that give the image contrast. The image is usually reconstructed using mathematical techniques based on two-dimensional Fourier analysis or filtered back-projection alone or in combination.
Early applications. Unlike the crude radiogrammetric approach, even early CT scanners provided high-resolution cross-sectional images through any region of the body. Clear definable anatomic boundaries could be identified between adipose tissue, skeletal muscle, visceral organs, brain and skeleton. Heymsfield and colleagues during this period were exploring the validity of simple anthropometric assessment methods, as they applied to seriously ill hospitalized patients. The installation of a CT scanner in the investigators' hospital provided an important opportunity to examine anthropometric assessment methods by applying CT measurements as the 'reference'. The group's use of CT to estimate skeletal muscle mass was reported in 1979, 11 and subsequent reports described methods of measuring visceral organ volumes, 12 visceral adipose tissue, 13 and liver fat. [10] [11] [12] [13] Widespread recognition of CT-measured adipose tissue was prompted by the seminal 1982 publication of Borkan et al.
14 detailing age-related differences in adipose tissue distribution. Tokunaga et al. 15 in 1983 reported an early segmentation approach for deriving whole body and regional adipose tissue volumes from measured cross-sectional CT images ( Figure 3 ). Sjöström et al. 16 reported a series of studies on their 'whole-body' multicomponent CT model in the mid1980s.
Technological advances. During the early period of CT, as more instruments became available, epidemiological studies began to appear that linked 'upper body' adipose tissue distribution and visceral adipose tissue with obesity comorbidities (for example, Björntorp 17 ). There arose a clear rationale for quantifying visceral adipose tissue, and CT rapidly became the method of choice. With more than two decades elapsing since these early efforts, the advances in CT imaging are breathtaking. Scanners have proliferated worldwide, thus providing instrument access to most interested investigators. Some relevant examples of important developments include the following: greatly improved image resolution with lower radiation exposure; introduction of spiral or 'helical' methods that allow capture of whole-body regions with rapid organ and tissue volume reconstructions; gated scanning protocols with capture of high-resolution images of structures such as the heart and major blood vessels. Accurate flow estimates, including those derived using radiographic contrast agents; micro-CT methods for small animal and bone evaluation; dual-energy CT for vascular and bone imaging; and development of protocols for quantifying hepatic lipid content. 
Imaging method development SB Heymsfield
An obstacle to the use of CT is radiation exposure, limiting 'whole-body' longitudinal human studies, particularly those that include closely spaced cross-sectional images and largely excluding non-clinical CT use in young children, potential childbearing women and pregnant women. The introduction of non-X-ray magnetic resonance imaging (MRI) in the 1980s was thus a welcome addition to those interested in studying regional and whole-body adiposity.
Magnetic resonance imaging Historical overview. The historical roots for MRI appeared even earlier than those for CT. Bloch et al. 18 and Purcell et al. 19 independently described the fundamental phenomena that ultimately led to nuclear magnetic resonance spectroscopy in 1946. Differences between malignant tumors and normal tissue were studied using magnetic resonance methods in 1971 by Damadian, 20 who patented his system in 1974 (Figure 4 ). Lauterber 21 first reported the creation of phantom images using the signal from proton nuclear magnetic resonance in 1973, and Mansfield 22 showed how the MRI radio signals could be mathematically transformed into a useful image in 1977. By the early 1980s, MRI systems became available on a widespread basis.
Physical basis. Proton MRI, the most common form applied in research and clinical settings, is based on the interaction among nuclei of hydrogen atoms with the system's generated magnetic fields. The nuclei of hydrogen, protons, have a non-zero magnetic moment that leads them to behave similar to small magnets. These magnetic moments are randomly oriented in the earth's weak magnetic field, and the net result is that they tend to cancel. Once inside the MRI scanner's magnet, however, the field strength is about 10 000 times greater than that of the earth, and the proton magnetic moments align with the magnet's field. Aligned Imaging method development SB Heymsfield protons are then 'pulsed' with a radio-frequency signal and some protons absorb this energy and flip. Turning off the radio-frequency field allows the protons to gradually return to their original positions and to release the absorbed energy in the process. The 'relaxation times' describe the rate at which the absorbed energy is released. Measured relaxation times are used to generate MRIs.
Early applications. Foster et al. 23 in 1984 were the first to report that compared with cadaver samples, MRI could be used to distinguish adipose tissue from the adjacent skeletal muscle. MRI was first used several years later in 1988 to characterize the distribution of human subcutaneous adipose tissue. 24 Many studies have since used MRI methods to describe adipose tissue and/or skeletal muscle tissue distribution among in utero, newborns, adolescents, normal adult males and females, obese males and females, metabolic syndrome and diabetic patients and elderly patients. 25 Often the observations in these studies, similar to CT, are made with a single cross-sectional image. As multiple images can be obtained without any recognized health risks to the patient, MRI is ideally suited for assessment of whole-body adipose tissue or skeletal muscle tissue distribution. An important benefit of multislice image acquisitions is that the volumes of various tissues can be derived, thus eliminating the restrictions imposed by observations based on a single image. 33 Moreover, the concept of 'visceral adipose tissue' as a single compartment is advancing to the recognition of the existence of many anatomically localized depots with unique metabolic activities such as those located in bone marrow, epicardial area, around the kidneys (that is, peri and para-renal), and in the retro-orbital space. 34 Although some of these compartments can be directly visualized and therefore segmented into their component areas, in some cases contiguous adipose tissue compartments cannot be easily identified as to their origin. For example, within the visceral compartment, peritoneal and mesenteric adipose tissue depots are not readily separated from the larger intra-abdominal adipose tissue compartment. Accordingly, methods are still needed to improve the separation of adipose tissue compartments into their appropriate anatomic and functional groups.
Combined anatomyFmetabolism evaluations
Both CT and MRI provide excellent anatomic detail when combined with other methods appropriate for evaluating metabolic processes in vivo. The most notable of these is the combined use of positron emission tomography with CT to Imaging method development SB Heymsfield localize specific metabolic processes. 35 Many positron emission tomography tracers are available and provide investigators to go beyond 'whole-body' physiological studies to specific organs and tissues. These new combined methods are breakthrough technologies for evaluating an array of obesity-related topics including visualization of brown fat, 36 weight loss drug receptor binding occupancy 37 and energy expenditure of specific organs and tissues. Although these technological advances are providing novel scientific insights, a critical issue is their limited availability to most potential investigators. These approaches tend to be complex, costly and require multidisciplinary teams for their implementation. The path forward requires consideration of these issues at a national and international level.
Dual-photon absorptiometry
Both CT and MRI procedures tend to be costly, and their availability is typically limited in busy hospital settings. Dual-photon absorptiometry methods that overcome this limitation and also provide novel body composition measurements were introduced for clinical and research applications within the same decade as CT and MRI.
Historical overview
The renowned Harvard surgeon, Francis Moore, tried with little success more than five decades ago to estimate skeletal weight in vivo. 38 In vivo neutron activation analysis, introduced in 1964, 39 subsequently led to the first analysis of skeletal weight in living subjects. The relatively high radiation exposure and complexity of neutron activation analysis provided the rationale for a new strategy of estimating bone mineral, first reported in 1963 by Cameron and Sorenson. 40 Cameron and Sorenson placed a radionuclide source on one side of the wrist, a body region with minimal soft tissue, and a photon detector was positioned on the opposite side of the wrist. Elements within the bone mineral compartment attenuated the photon beam, and the reduced flux was measured by the opposed photon detector. Single-photon absorptiometry, as it was referred to, was an important development in the assessment of wrist bone mineral content.
Hip and spine fractures are common manifestations of osteoporosis, and there was a need to study bone mineral in these regions in addition to that of the wrist. When photons pass through soft tissues overlying hip and vertebral bones, they are attenuated by bone minerals and additionally by the traversed fat and lean soft tissues. Establishing bone mineralization required removal of the soft tissue contribution to total photon attenuation. This problem was subsequently solved by considering the photon pathway as a mixture of two components consisting of bone minerals and soft tissue.
Two photon energies, usually provided by radionuclide sources, were used to evaluate the bone mineral and soft tissue content of each pixel. Referred to originally as 'dualphoton absorptiometry', the development of X-ray photon sources led to the methods now referred to as dual energy X-ray absorptiometry (that is, 'DXA' or 'DEXA'). 41 Today DXA systems are available worldwide for regional and total body bone mineral evaluation.
Early applications
Dual-photon systems required an estimate of fat and lean soft tissue in pixels adjacent to bone to provide a soft tissue attenuation estimate for pixels overlying bone. Whole-body DXA systems thus apply the attenuation characteristics to solve for three components, fat, lean soft tissue and bone mineral. 42 The currently available whole-body DXA systems combined with appropriate software can estimate these three components for the whole-body and selected regions. As appendicular fat-free soft tissue is primarily muscle, DXA also can provide regional and whole-body skeletal muscle mass estimates. 43 
Technological evolution
Early DPA systems required long scan times and frequent replacement of the radionuclide source. The introduction of DXA systems combined with advanced software greatly increased the usefulness of this technology for evaluation of total body and regional body composition. The original DPA and DXA systems were based on a 'pencil beam' source and detector. Newer systems frequently collect data using a fan beam approach that reduces the scan time. Scanning platforms are increasing in width, and wider overweight and obese patients can therefore usually be fully accommodated. Alternatively, half-or partial-body scans are also appropriate for obese patients whose size exceeds that of the scanner marker guides. 44 Many studies now report the accuracy and precision of DXA body composition estimates. Accordingly, DXA has emerged as the adiposity evaluation method of choice for clinical trials, epidemiology studies and individual patients. The introduction of whole-body DXA systems provided the opportunity to realize a long-held vision of developing an agreed-upon reference method for quantifying body fat. Two-compartment methods, such as the one based on underwater weighing, rely on models that are known to have limitations under certain conditions. Siri 45 and others in the 1950s introduced a three-compartment model based on combined measurements of body density and total body water. The availability of DPA and later DXA provided the first practical measure of bone mineral mass and related total body mineral. This major advance then provided the opportunity to partition body mass into four components (fat, total body water, minerals, and residual mass) using measured body density, total body water, and bone mineral mass. 46 This model is based on very robust assumptions and
Imaging method development SB Heymsfield is often considered the reference against which other methods are compared.
Conclusions
This 20th anniversary of the Pennington Center is a benchmark reflecting evolution of the global obesity epidemic and concordant efforts to understand and treat human obesity. Timed with this major public health and research event are the introduction and evolution of imaging methods that provide a unique window into the adipose tissue compartment and related metabolic processes. The scientific advances brought about by these methods continue to unfold today and hold enormous promise for the future of obesity research.
